Introduction {#emi412686-sec-0001}
============

Corals are complex 'holobiont' organisms (Knowlton and Rohwer, [2003](#emi412686-bib-0027){ref-type="ref"}), hosting multi‐species microbial interactions which sustain their productivity and growth in oligotrophic reef waters. It is well known that corals rely on endosymbiotic microalgae (*Symbiodinium*) to supply sugars, amino acids, lipids and other nutrients (Trench, [1971](#emi412686-bib-0069){ref-type="ref"}), but corals also host an assemblage of other microorganisms including endolithic algae, bacteria, archaea, fungi and viruses (Rohwer *et al*., [2002](#emi412686-bib-0055){ref-type="ref"}; Knowlton and Rohwer, [2003](#emi412686-bib-0027){ref-type="ref"}; Ainsworth *et al*., [2017](#emi412686-bib-0002){ref-type="ref"}). Of these microorganisms, bacteria and archaea are thought to play a critical role in the cycling and regeneration of nutrients for the coral holobiont (Rohwer *et al*., [2001](#emi412686-bib-0054){ref-type="ref"}, [2002](#emi412686-bib-0055){ref-type="ref"}; Beman *et al*., [2007](#emi412686-bib-0009){ref-type="ref"}; Kelly *et al*., [2014](#emi412686-bib-0025){ref-type="ref"}). There is also evidence that coral‐associated bacteria are capable of producing antibiotic and other secondary metabolite compounds, which could provide protection to the coral (Kelman, [2004](#emi412686-bib-0026){ref-type="ref"}; Ritchie, [2006](#emi412686-bib-0051){ref-type="ref"}; Raina *et al*., [2009](#emi412686-bib-0050){ref-type="ref"}). Understanding the individual contribution of these disparate organisms to the coral holobiont, and if and how these microorganisms enhance the resistance and resilience of corals to changing ocean and reef conditions, are current challenges within this field.

Over the past 15 years, numerous review articles have reflected upon the relationship between corals and bacteria and archaea (Rosenberg and Ben‐Haim, [2002](#emi412686-bib-0057){ref-type="ref"}; Rohwer and Kelley, [2004](#emi412686-bib-0053){ref-type="ref"}; Mouchka *et al*., [2010](#emi412686-bib-0042){ref-type="ref"}; Bourne *et al*., [2016](#emi412686-bib-0012){ref-type="ref"}). These reviews repeatedly demonstrate that coral--microbes are taxonomically distinct from cells residing in the seawater, and there is general recognition of shared microbial groups over coral species and reefs (i.e., Roseobacter clade, *Vibrio* spp.). However, although most of the coral--microbial data are publically available, these data from multiple investigators and study environments data are not integrated. In other fields of study, combining existing data provides valuable resources for the community and especially for students and new investigators to these fields (e.g., Simister *et al*., [2012](#emi412686-bib-0063){ref-type="ref"}).

Integration of coral--microbial data is critical in the current framework of limited understanding about coral--microbial associations and during a time when many corals and reefs are experiencing disturbances from climate and anthropogenic sources (Hoegh‐Guldberg *et al*., [2007](#emi412686-bib-0021){ref-type="ref"}; Carpenter *et al*., [2008](#emi412686-bib-0014){ref-type="ref"}; Hughes *et al*., [2017](#emi412686-bib-0023){ref-type="ref"}, [2018](#emi412686-bib-0024){ref-type="ref"}). A growing community of scientists is pursuing studies aimed at understanding the resistance, resilience and impact of these events on coral microbiomes (e.g., Lee *et al*., [2015](#emi412686-bib-0031){ref-type="ref"}; Webster *et al*., [2016](#emi412686-bib-0070){ref-type="ref"}). For example, studies have shown that coral‐associated microbial communities demonstrate taxonomic shifts in composition in response to temperature, nutrient and pH‐based stressors (Littman *et al*., [2010](#emi412686-bib-0034){ref-type="ref"}; Meron *et al*., [2011](#emi412686-bib-0038){ref-type="ref"}; Shaver *et al*., [2017](#emi412686-bib-0060){ref-type="ref"}). The current research trend is to produce copious partial SSU rRNA gene sequences using next generation sequencing methods targeted at bacteria and archaea to inform questions about how microbial diversity, community structure and taxonomic composition changes under different environmental scenarios. However, sequences generated by these approaches are typically not long enough to allow for in‐depth phylogenetic analyses or primer and probe design. Further, taxonomic assignment is generally facilitated using reference databases such as Silva (Quast *et al*., [2013](#emi412686-bib-0048){ref-type="ref"}) or Greengenes (DeSantis *et al*., [2006](#emi412686-bib-0016){ref-type="ref"}), and these databases include sequences from biomedical‐based studies and it is often difficult to identify sequences originating from corals, thus hindering the development of coral‐specific analyses and resources, such as specific primers and probes.

In order to examine relatedness of microorganisms detected by sequencing approaches across numerous studies of corals, we followed an approach utilized by Simister *et al*. ([2012](#emi412686-bib-0063){ref-type="ref"}) to examine the phylogeny of sponge‐associated microbes. Specifically, we utilized publically available Sanger produced sequence data from worldwide studies of corals to produce the Coral Microbiome Database (Coral MD), a coral‐specific SSU rRNA gene database hosting 21,100 coral--microbial sequences, housed within the ARB software (Ludwig *et al*., [2004](#emi412686-bib-0035){ref-type="ref"}). We utilized the Coral MD to examine the phylogenetic diversity of coral‐associated bacteria and archaea and these findings were confirmed in a subset of next‐generation sequencing data available for corals. Secondly, we identified putative monophyletic, coral‐specific sequence clusters and examined the distribution of these clusters among the Alcyonacea (soft corals) and the two main phylogenetic lineages of Scleractinia (robust/short and complex/long), which are separated by approximately 250 million years of divergence (Romano and Palumbi, [1996](#emi412686-bib-0056){ref-type="ref"}; Medina *et al*., [2006](#emi412686-bib-0037){ref-type="ref"}; Fukami *et al*., [2008](#emi412686-bib-0018){ref-type="ref"}). Our phylogenetic‐framed findings and the Coral MD provide a novel resource for the community of scientists studying coral‐associated microbes, and may advance investigations of the functional role of the coral microbiome and specific coral--microbial interactions.

Results and discussion {#emi412686-sec-0002}
======================

*Overview of coral‐specific microbial sequence database* {#emi412686-sec-0003}
--------------------------------------------------------

The Coral MD includes 21,100 sequences derived from coral‐associated bacteria and archaea which originated from public databases, and are compiled in the ARB software environment within the framework of the Silva reference database (Quast *et al*., [2013](#emi412686-bib-0048){ref-type="ref"}) ([Supporting Information Methods](#emi412686-supitem-0002){ref-type="supplementary-material"}). The database is available for download at BCO‐DMO (<https://www.bco-dmo.org/dataset/724355>). The mean and median lengths of sequences in the database are 893 and 750 bp respectively. There are 6833 nearly full‐length sequences greater than or equal to 1200 bp, and 5811 sequences are short reads, less than or equal to 600 bp. The sequences span 37 described and candidate phyla of Bacteria (Proteobacteria considered as single phylum) and 2 phyla of Archaea (Euryarchaeota and Thaumarchaeota) (Fig. [1](#emi412686-fig-0001){ref-type="fig"}). Of the bacteria, sequences are most commonly affiliated with the Proteobacteria (especially Gammaproteobacteria and Alphaproteobacteria), Bacteroidetes, Cyanobacteria and Firmicutes. Fewer sequences were associated with candidate divisions, including BRC1, OD1, OP11, OP3, OP8, SR1, TM7 and WS3.

![Sequences in the Coral Microbial Database. (21,100 Sanger‐produced sequences from archaeal and bacterial SSU rRNA genes) classified to phyla, candidate phyla and phyla‐level lineages from cultivated cells and environmental samples (uncultivated), based on the Silva reference taxonomy (Pruesse *et al*., [2007](#emi412686-bib-0046){ref-type="ref"}). Phyla that are also represented in next‐generation sequencing data available in the Coral Microbiome Portal are denoted (\*).](EMI4-11-372-g001){#emi412686-fig-0001}

In order to examine if the phyla‐based distribution of sequences in this database are representative of those available in next‐generation sequencing studies, we examined phyla‐based diversity of 715,114 coral--microbial sequences spanning nine studies and 23 coral species from the Alcyonacea as well as complex and robust Scleractinian lineages available within the Coral Microbiome Portal (CMP) (<https://vamps2.mbl.edu/portals/CMP>) (Sunagawa *et al*., [2010](#emi412686-bib-0066){ref-type="ref"}; Barott *et al*., [2011](#emi412686-bib-0005){ref-type="ref"}; Morrow *et al*., [2012](#emi412686-bib-0041){ref-type="ref"}; Apprill *et al*., [2013](#emi412686-bib-0003){ref-type="ref"}; Bayer *et al*., [2013a](#emi412686-bib-0006){ref-type="ref"}, [b](#emi412686-bib-0007){ref-type="ref"}; Bourne *et al*., [2013](#emi412686-bib-0011){ref-type="ref"}; Šlapeta and Linares, [2013](#emi412686-bib-0064){ref-type="ref"}; Lesser and Jarett, [2014](#emi412686-bib-0032){ref-type="ref"}). We identified high consistency between the two types of sequence data, with three lineages represented in the next‐generation studies that were not present in the Sanger database (Candidate division OP10, TG‐1 and WS6), and five lineages in the Sanger sequencing based Coral MD database (BD1‐5, Elusimicrobia, NPL‐UPA2, SHA‐109 and WCHB1‐60) which were absent from the CMP. While examination of additional next‐generation sequencing based studies may further increase the phyla‐based diversity of coral microbes, these findings are, to our knowledge, the first to suggest such high (\~ 39 Sanger from Coral MD; 42 from Coral MD + CMP database) phyla‐based microbial diversity associated with corals. This diversity is similar to the number of phyla observed in sponges, 41 (Thomas *et al*., [2016](#emi412686-bib-0067){ref-type="ref"}), but higher than many other host systems including the human skin, 19 phyla (Grice *et al*., [2009](#emi412686-bib-0019){ref-type="ref"}), termite, 10 phyla (Rahman *et al*., [2015](#emi412686-bib-0049){ref-type="ref"}) and honeybee, 5 phyla (Moran *et al*., [2012](#emi412686-bib-0040){ref-type="ref"}). It is interesting that such high similarity exists between the coral and sponge microbial phyla‐based diversity, as corals are host to more biochemical microenvironments of varying light, oxygen and pH, which, compared with sponges, which may provide numerous habitats for microorganisms (Kühl *et al*., [1995](#emi412686-bib-0030){ref-type="ref"}; Helmuth *et al*., [1997](#emi412686-bib-0020){ref-type="ref"}). Bacteria are known to reside in the tissues (Lesser *et al*., [2004](#emi412686-bib-0033){ref-type="ref"}; Ainsworth *et al*., [2006](#emi412686-bib-0001){ref-type="ref"}), outer protective mucus layer (Ducklow and Mitchell, [1979](#emi412686-bib-0017){ref-type="ref"}), and skeleton (Crossland and Barnes, [1976](#emi412686-bib-0015){ref-type="ref"}) of hard (scleractinian) corals, the major host type among the sequences examined. Scleractinian corals harbour several distinct tissue layers including an external protective ectoderm and an endodermal gastrovascular cavity that is used for digestion and also houses *Symbiodinium*, and these niches provide further habitat differentiation for microorganisms (Ainsworth *et al*., [2006](#emi412686-bib-0001){ref-type="ref"}; Rosenberg *et al*., [2007](#emi412686-bib-0058){ref-type="ref"}).

The Coral MD was queried to describe the most abundant coral--microbial lineages, represented by more than 100 sequences in the database, and these lineages spanned 14 phyla (Fig. [2](#emi412686-fig-0002){ref-type="fig"}, Supporting Information Table [S1](#emi412686-supitem-0003){ref-type="supplementary-material"}). The abundant groups included *Vibrio* (1217 sequences), found in 42 coral species, *Endozoicomonas*, with 943 sequences found in 35 coral species and an uncultured group of the Rhodobacteraceae family (Roseobacter clade) with 890 sequences from 37 coral species. Other lineages with large numbers of sequences included Marine Group II Euryarchaeota (493 sequences, 5 coral species), Marine Group I Thaumarchaeota (443 sequences, 7 coral species), and *Ruegeria* (356 sequences, 36 coral species) (Fig. [2](#emi412686-fig-0002){ref-type="fig"}). Lineages with over 200 sequences represented in the database include: *Paenibacillus*, *Mycoplasma*, *Pseudoalteromonas*, *Fusibacter*, *Marinifilum*, *Bacillus*, *'Candidatus* Nitrosopumilus', "*Candidatus* Amoebophilus" and undescribed groups associated with Caldilineaceae, Flavobacteraceae and Alteromonadaceae families (Fig. [2](#emi412686-fig-0002){ref-type="fig"}), and sequences from most of these microbial groups were from less than 20 coral species. The abundant bacterial groups identified here corroborate with those identified by Mouchka *et al*. ([2010](#emi412686-bib-0042){ref-type="ref"}), from 32 SSU rRNA gene studies with Sanger produced sequence data. Their dataset of 5711 sequences similarly found high observations of Rhodobacteraceae, *Vibrio*, Oceanospirillales, as well as Cyanobacteria, associated with corals of various health states, but only reported 11 bacterial phyla.

![Abundances of archaeal and bacterial SSU rRNA gene sequences in the Coral Microbial Database according to most detailed taxonomic lineage. The colours reflect the representation of these sequences across different species of coral.](EMI4-11-372-g002){#emi412686-fig-0002}

*Coral‐specific microbial sequence clusters* {#emi412686-sec-0004}
--------------------------------------------

In order to identify microbial groups that may be specific to the coral holobiont, we interrogated the most common taxonomic groups to determine the presence of monophyletic clusters originating only from corals. This approach follows that used by Simister *et al*. ([2012](#emi412686-bib-0063){ref-type="ref"}) for sponge‐associated microorganisms. Clusters were assigned where three or more high‐quality sequences consistently formed a monophyly across neighbour joining, maximum likelihood and maximum parsimony methods of phylogenetic reconstruction ([Supporting Information Methods](#emi412686-supitem-0001){ref-type="supplementary-material"}). The taxa examined included those associated with the largest number of coral species, including *Vibrio, Endozoicomonas* and *Ruegeria*, as well as sequence clusters with relatives with known functions including the eukaryotic parasite "*Candidatus* Amoebophilus", Thaumarchaeota including the ammonia oxidizing "*Candidatus* Nitrosopumilus" and under recognized Cyanobacterial lineages belonging to subsection III, Family I. We recognize that there may be next‐generation sequencing data available from other non‐coral environments which are associated with these lineages, but at this time that data is not compiled in a way that can be querried. Therefore, we identify these lineages as putatively monophyletic to corals.

Bacteria from the genus *Vibrio* have disparately been shown to be highly abundant (Bourne and Munn, [2005](#emi412686-bib-0010){ref-type="ref"}; Koren and Rosenberg, [2006](#emi412686-bib-0029){ref-type="ref"}) or only a small component (Apprill *et al*., [2013](#emi412686-bib-0003){ref-type="ref"}; Roder *et al*., [2014](#emi412686-bib-0052){ref-type="ref"}) of the coral associated microbial community. They are frequently associated with diseases including white syndrome, white band disease, yellow band disease and bleaching (see Tout *et al*., [2015](#emi412686-bib-0068){ref-type="ref"} and reference therein). Our *Vibrio* phylogenetic analysis also included the closely related genera *Photobacterium, Salinivibrio, Enterovibrio* and *Grimonita*. Collectively there were 1461 coral associated sequences in the database that belonged to these genera, with 1217 assigned to *Vibrio*. Within the genus *Vibrio*, 37 putative monophyletic coral associated clusters (denoted VC1‐37) were identified, and 15 of these clusters were associated with both the complex and robust phylogenetic lineages of the Scleractinia (Fig. [3](#emi412686-fig-0003){ref-type="fig"}). Cluster VC31, associated with *Dendronephthya*, was exlusive to the Alcyonacea. The largest cluster (VC22) contained 37 sequences exclusively from *Montastraea faveolata* (now referred to as *Orbicella faveolata*) (Budd *et al*., [2012](#emi412686-bib-0013){ref-type="ref"}). Additional putative monophyletic coral associated clusters were associated with the genera *Photobacterium* (VC38‐VC40) and *Salinivibrio* (VC41) and were exclusive to the Scleractinia.

![Phylogeny of coral‐specific clusters within the Gammaproteobacteria genus *Vibrio* and related sequences, based on 16S ribosomal RNA genes. The displayed tree is a maximum likelihood tree constructed based on long (\> 1200 bp) sequences only; shorter coral‐associated sequences (indicated by dashed lines) were added using the ARB Parsimony (Quick add marked) tool in ARB. Filled circles indicate bootstrap support (maximum parsimony, with 1000 resamplings) of \> 90%, and open circles represent \> 75% support. Bar indicates 10% sequence divergence. The numbers of sequences in each cluster are indicated in brackets and the coral host genera for each cluster are listed adjacent to clusters, and microbial species name in bold and described or type species in culture. Accession numbers for specific sequences are shown in brackets, where accession numbers are absent none were available. ATCC, American Type Culture Collection.](EMI4-11-372-g003){#emi412686-fig-0003}

The Gammaproteobacterial genus *Endozoicomonas* and closely related *Endozoicomonas*‐like sequences are one of the most recognized coral‐associated bacteria (Bayer *et al*., [2013b](#emi412686-bib-0007){ref-type="ref"}; Neave *et al*., [2016](#emi412686-bib-0043){ref-type="ref"}, [2017b](#emi412686-bib-0045){ref-type="ref"}) and abundances of *Endozoicomonas* sequences have been recorded at over 85% per colony (Morrow *et al*., [2012](#emi412686-bib-0041){ref-type="ref"}; Apprill *et al*., [2016](#emi412686-bib-0004){ref-type="ref"}). These cells are thought to play a role within host‐associated marine communities in protein and carbohydrate transport and cycling (Neave *et al*., [2017a](#emi412686-bib-0044){ref-type="ref"}) although their specific function is still undetermined. We identified 918 coral‐associated *Endozoicomonas*‐like sequences in the database and our phylogenetic analysis placed 798 of these into 10 monophyletic coral‐associated clusters, denoted EC1‐EC10 (Fig. [4](#emi412686-fig-0004){ref-type="fig"}). The largest of these (EC10) contained 357 sequences spanning both the robust and complex lineages of Scleractinia, and the most closely related sequences are from fish and sponges (Fig. [4](#emi412686-fig-0004){ref-type="fig"}). The second largest (EC1) contained 289 sequences and were widely associated with diverse hosts, including both clades of Scleractinia as well as the soft corals. Specific sequence clusters exclusive to the Alcyonacea include EC6, found in *Gorgonia*. Clusters exclusive to the robust clade of Scleractinia include EC4, EC8 and EC9, but no putative monophyletic *Endozoicomonas* sequence clusters were exclusive to the complex Scleractinia, which includes the corals with often the highest relative abundance of *Endozoicomonas*‐like sequences in their microbiome including *Porites astreoides* and *Stylophora pistillata* (Morrow *et al*., [2012](#emi412686-bib-0041){ref-type="ref"}; Bayer *et al*., [2013b](#emi412686-bib-0007){ref-type="ref"}; Apprill *et al*., [2016](#emi412686-bib-0004){ref-type="ref"}). This suggests that the complex clade corals may be colonized by *Endozoicomonas*‐like cells which are broad generalists for many distantly related corals, rather than specialists to related corals.

![Phylogeny of coral‐specific clusters within the Gammaproteobacteria genus *Endozoicomonas* and related sequences, based on 16S ribosomal RNA genes. The displayed tree is a maximum likelihood tree constructed based on long (\> 1200 bp) sequences only; shorter coral‐associated sequences (indicated by dashed lines) were added using the ARB Parsimony (Quick add marked) tool. Filled circles indicate bootstrap support (maximum parsimony, with 1000 resamplings) of \> 90%, and open circles represent \> 75% support. Bar indicates 5% sequence divergence. The numbers of sequences in each cluster are indicated in brackets and the coral host genera for each cluster are listed adjacent to clusters, and microbial species name in bold and described or type species in culture. Accession numbers for specific sequences are shown in brackets, where accession numbers are absent none were available.](EMI4-11-372-g004){#emi412686-fig-0004}

The paraphyletic alphaproteobacterial genus *Ruegeria* has been identified as one of the more successful lineages of bacteria inhabiting a variety of marine environments, equipped with a large diversity of metabolic capabilities and regulatory pathways (Luo and Moran, [2014](#emi412686-bib-0036){ref-type="ref"}). We analysed 353 coral‐associated sequences identified taxonomically as *Ruegeria* and also found a number of paraphyletic groups, with some more phylogenetically related to sequences from the Roseobacter clade, including *Phaeobacter, Marinovum* and *Thalassococcus* (Fig. [5](#emi412686-fig-0005){ref-type="fig"}). We identified 9 small monophyletic coral associated clusters containing between 3 and 7 sequences, represented in either one or both clades of Scleractinia, and absent from soft corals. Eight of these clusters (denoted RC2‐RC10) were related to described *Ruegeria* species, with 1 cluster (denoted RC1) related to sequences from the genus *Phaeobacter* (Fig. [5](#emi412686-fig-0005){ref-type="fig"}).

![Phylogeny of coral‐specific clusters within the Alphaproteobacteria genus *Ruegeria* and related sequences, based on 16S ribosomal RNA genes. The displayed tree is a maximum likelihood tree constructed based on long (\> 1200 bp) sequences only; shorter coral‐associated sequences (indicated by dashed lines) were added using the ARB Parsimony (Quick add marked) tool. Filled circles indicate bootstrap support (maximum parsimony, with 1000 resamplings) of \> 90%, and open circles represent \> 75% support. Bar indicates 10% sequence divergence. The numbers of sequences in each cluster are indicated in brackets and the coral host genera for each cluster are listed adjacent to clusters, and microbial species name in bold and described or type species in culture. Accession numbers for specific sequences are shown in brackets, where accession numbers are absent none were available. ATCC, American Type Culture Collection. NBRC, NTE (National Institute of Technology and Evaluation) Biological Resource Centre.](EMI4-11-372-g005){#emi412686-fig-0005}

The Bacteroidetes genus "*Candidatus* Amoebophilus" was originally described as freshwater intracellular protozoan symbionts (Horn *et al*., [2001](#emi412686-bib-0022){ref-type="ref"}). Whole genome analysis has uncovered a suite of mechanisms by which "*Ca*. Amoebophilus" are thought to interact with their host, including a high number of eukaryotic protein domains (Schmitz‐Esser *et al*., [2010](#emi412686-bib-0059){ref-type="ref"}). Interestingly, members of this genus are dominant members of the microbiome of Caribbean corals, and are specifically associated with coral tissue (but not mucus) in relative abundances of up to 70% of affiliated bacterial and archaeal sequences (Apprill *et al*., [2016](#emi412686-bib-0004){ref-type="ref"}). Both the current phylogenetic analysis, and that conducted previously (Apprill *et al*., [2016](#emi412686-bib-0004){ref-type="ref"}) place the coral‐associated sequences in a separate lineage, adjacent to protozoan intracellular endosymbionts (Fig. [6](#emi412686-fig-0006){ref-type="fig"}), and into two monophyletic clusters, AC1 and AC2, which were exclusive to the Scleractinia and found across both robust and complex clades. Sequence cluster AC1 contained 232 sequences from various coral species including *Montastraea*/*Orbicella faveolata*, *Montastraea/Orbicella annularis, M. franksi, Siderastrea stellata, Diploria strigosa, Porites astreoides* and *Montipora hispida*. Cluster AC2 contained 13 sequences and was closely related to a seaweed endosymbiont (Fig. [6](#emi412686-fig-0006){ref-type="fig"}). It is unclear if these sequences are endosymbionts of the corals themselves or if instead they may be associated with other members of the holobiont such as a coral‐associated protozoan which is more prevalent in stony compared with soft corals.

![Phylogeny of coral‐specific clusters within the Bacteroidetes genus "Candidatus *Amoebophilus*" and related sequences, based on 16S ribosomal RNA genes. The displayed tree is a maximum likelihood tree constructed based on long (\> 1200 bp) sequences only; shorter coral‐associated sequences (indicated by dashed lines) were added using the ARB Parsimony (Quick add marked) tool. Filled circles indicate bootstrap support (maximum parsimony, with 1000 resamplings) of \> 90%, and open circles represent \> 75% support. Bar indicates 10% sequence divergence. The numbers of sequences in each cluster are indicated in brackets and the coral host genera for each cluster are listed adjacent to clusters, and microbial species name in bold and described or type species in culture. Accession numbers for specific sequences are shown in brackets, where accession numbers are absent none were available.](EMI4-11-372-g006){#emi412686-fig-0006}

The Thaumarchaeota Marine Group II, including the ammonia oxidizing "*Candidatus* Nitrosopumilus*"*, were represented in the database from scleractinian corals spanning both complex and robust clades, including *Siderastrea stellata, Montipora hispida, Montastraea/Orbicella faveolata, Fungia* sp., *Favia* sp. and *Acantastrea* sp. (Fig. [7](#emi412686-fig-0007){ref-type="fig"}). Previous studies show that the Archaeal portion of the coral‐associated microbial community can be dominated by sequences from this genus (Siboni *et al*., [2008](#emi412686-bib-0061){ref-type="ref"}) and suggest that these microbes may play a role in nitrogen cycling via ammonia oxidation due to the presence of archaeal ammonia monooxygenase genes (Beman *et al*., [2007](#emi412686-bib-0009){ref-type="ref"}; Siboni *et al*., [2012](#emi412686-bib-0062){ref-type="ref"}). Our phylogenetic analysis of sequences in this genus uncovered 12 monophyletic coral‐associated clusters that were consistent between all three treeing methods, denoted NC1‐NC12, with NC11 from the robust Scleractinia, including sequences from *Acantastrea*, *Favia* and *Fungia* most closely related to the ammonia oxidizing *Nitrosopumilus maritimus* (Könneke *et al*., [2005](#emi412686-bib-0028){ref-type="ref"}) (Fig. [7](#emi412686-fig-0007){ref-type="fig"}). Interestingly, the majority of the sequence clusters were exclusively associated with robust clade corals (NC1, NC6, NC7, NC10 and NC11), suggesting that these corals may harbour more specialized relationships with these microbes. Whole genome sequence analyses of marine *Nitrosopumilus* strains indicate that members of the genus are ammonia oxidizing autotrophs but vary in other metabolic traits, possibly promoting niche segregation and thus influencing nitrification rates in various environments (Bayer *et al*., [2015](#emi412686-bib-0008){ref-type="ref"}).

![Phylogeny of coral‐specific clusters within the Thaumarchaeota Marine Group II "*Candidatus* Nitrosopumilus" and related sequences, based on 16S ribosomal RNA genes. The displayed tree is a maximum likelihood tree constructed based on long (\> 1200 bp) sequences only; shorter coral‐associated sequences (indicated by dashed lines) were added using the ARB Parsimony (Quick add marked) tool. Filled circles indicate bootstrap support (maximum parsimony, with 1000 resamplings) of \> 90%, and open circles represent \> 75% support. Bar indicates 10% sequence divergence. The numbers of sequences in each cluster are indicated in brackets and the coral host genera for each cluster are listed adjacent to clusters, and microbial species name in bold and described or type species in culture. Accession numbers for specific sequences are shown in brackets, where accession numbers are absent none were available.](EMI4-11-372-g007){#emi412686-fig-0007}

Cyanobacteria are abundant primary producers in the waters surrounding corals (Sorokin, [1973](#emi412686-bib-0065){ref-type="ref"}), and have been shown to fix dinitrogen in some coral species (Lesser *et al*., [2004](#emi412686-bib-0033){ref-type="ref"}). Despite the potential functional importance of these cells, the vast majority of cyanobacterial sequences recovered from sequencing surveys of corals are not well‐resolved taxonomically. We examined the Cyanobacterial Family I lineage and identified 17 monophyletic coral‐specific sequence clusters spanning several described genera (Fig. [8](#emi412686-fig-0008){ref-type="fig"}). The largest cluster (denoted CC14) was most closely related to clusters CC13 and CC15, all from *Montipora* corals and related to *Hydrocoleum lyngbyaceum* and *Trichodesmium erythraeum* (Fig. [8](#emi412686-fig-0008){ref-type="fig"}). The filamentous *Phormidium*/*Leptolyngbya* genera contained 8 monophyletic clusters (denoted CC1--8), with up to 14 sequences in each cluster, and mostly spanning complex clade Scleractinia with CC8 present in both soft corals and both clades of stony corals. *Leptolyngbya*‐related sequences from *A. eurystoma* were found to persist even when exposed to reduced pH (Meron *et al*., [2011](#emi412686-bib-0038){ref-type="ref"}), suggesting that this group may be tolerant of a range of environmental conditions.

![Phylogeny of coral‐specific clusters within the Cyanobacterial 'Family I' and related sequences, based on 16S ribosomal RNA genes. The displayed tree is a maximum likelihood tree constructed based on long (\> 1200 bp) sequences only; shorter coral‐associated sequences (indicated by dashed lines) were added using the ARB Parsimony (Quick add marked) tool. Filled circles indicate bootstrap support (maximum parsimony, with 1000 resamplings) of \> 90%, and open circles represent \> 75% support. Bar indicates 10% sequence divergence. The numbers of sequences in each cluster are indicated in brackets and the coral host genera for each cluster are listed adjacent to clusters. Accession numbers for specific sequences are shown in brackets, where accession numbers are absent none were available.](EMI4-11-372-g008){#emi412686-fig-0008}

*Cultured isolates obtained from corals* {#emi412686-sec-0005}
----------------------------------------

Of the 21,100 sequences in the Coral MD, only 1378 (6.5%) were generated from cultured isolates (Supporting Information Table [S2](#emi412686-supitem-0004){ref-type="supplementary-material"}). A further 18,400 (87.4%) were identified as uncultured (either from clone libraries or other PCR based methods), and the remaining 1271 sequences (6.1%) did not have enough associated data to confirm their source (cultured or uncultured). Of the 41 identified taxonomic groups (which includes divisions of the Proteobacteria), 14 contained cultured representatives (Fig. [1](#emi412686-fig-0001){ref-type="fig"}). Gammaproteobacteria (870 sequences), dominated by sequences from the genera *Vibrio* (401 sequences)*, Pseudoalteromonas* (149 sequences) and *Photobacterium* (110 sequences) were the most abundant cultured organisms in the database followed by *Bacillus* (Firmicutes, 71 sequences), *Shewanella* (Gammaproteobacteria, 27 sequences) and *Ruegeria* (Alphaproteobacteria, 25 sequences) (Fig. [1](#emi412686-fig-0001){ref-type="fig"}). A high number of Actinobacteria (114 sequences) were represented by cultures, primarily from the genera *Streptomyces*, *Micromonospora*, *Kocuria*, *Micrococcus* and *Brachybacterium*. A number of key taxa were dominant in the database -- notably Euryarchaeota, Thaumarchaeota, Chloroflexi, Tenericutes, Spirochaetae and Gemmatimonadetes -- yet contained no cultured representatives (Fig. [1](#emi412686-fig-0001){ref-type="fig"}). These groups denote important targets for future culture studies, along with highly abundant groups with minimal cultured representatives such as *Endozoicomonas* (4 cultured sequences) and *Paenibacillus* (1 cultured representative) (Fig. [1](#emi412686-fig-0001){ref-type="fig"}).

*Utility of the coral MD* {#emi412686-sec-0006}
-------------------------

The Coral MD provides a number of support features that may advance coral microbiology studies. The sequences and their placement in ARB software are an ideal scenario for primer and probe design. The database provides a reference taxonomic framework for sequence classifications for amplicon sequence datasets produced from corals. Additionally, the database offers descriptive information about the coral‐associated microbes in a phylogenetic structure. The numerous taxonomic groups of bacteria and archaea associated with corals can be overwhelming to newcomers in the field, and the database provides a context to familiarize the user with phylogenetic groups that frequently associate with corals. Overall, the database has the potential to facilitate coral microbiology research toward the goal of understanding the role of coral‐associated microbes in the health and ecology of corals.
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**Appendix S1**: Supporting Information Data 1. Summary of sequence data contained in the Coral MD and sorted by phyla.
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Click here for additional data file.

###### 

**Appendix S2**: Supporting Information Methods
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Click here for additional data file.

###### 

**Supporting Information Table S1.** Most abundant microbial taxa in the Coral MD, and their representation across coral hosts.

###### 

Click here for additional data file.

###### 

**Supporting Information Table S2.** Number of sequences in each microbial phylum identified from non‐cultured or cultured microorganisms.

###### 

Click here for additional data file.
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